The main objective of this work was to establish the influence of sex, maturity and reproduction on the contamination of the demersal fish Merluccius merluccius by organochlorine compounds. Polychlorinated biphenyls (PCBs) and p,p′DDE were quantified in muscle, liver and gonads of female and male hakes collected in the Gulf of Lions in 2004 and 2005. Observed levels appeared higher than the population of the Bay of Biscay and lower than the population of the Thyrrenian Sea. Contaminant fingerprints were roughly constant whatever the studied organ and the hake biological condition. Concentrations varied significantly according to the sex and maturity of hakes. Mature specimens were more contaminated than immature, and males presented higher levels than females. This sex effect can be linked to a lower growth rate of males, and a contaminant elimination during female spawning. Gonadal contamination depends on the importance of lipid content and increases with the maturation degree. Although the main organ of energy and PCB storage is the liver, muscle appears as the main contributor to the gonad contamination.
Introduction
Organochlorine compounds such as Polychlorinated biphenyls (PCBs) and Dichlorodiphényltrichloroéthane (DDT) are synthetic chemicals that have been introduced into the environment since the 1920s. DDT was used as an insecticide, and PCBs, as a thermal stabilizer in a wide scale of applications, such as coatings, inks, flame retardants and paints, but their major applications were in electric appliances, heat transfer systems and hydraulic fluids. PCB open applications were banned in many countries in the 1970s (Stockholm Convention, 2003) and their use in close systems (such as capacitors and transformers) was limited since the 1990s. However, their high lipophilicity and environmental stability make them to persist in the environment for long periods, involving a wide geographical distribution. These compounds are considered among the most dangerous pollutants. They exhibit a broad spectrum of toxicological responses, including immunotoxicity, teratogenicity, endocrine disruption, reproductive deficits, and contribute to tumor and carcinoma development (Ahlborg et al., 1994) . Because of their stability, long biological half-life, and high liposolubility, they may be bioaccumulated and biomagnified along food chains involving a wide range of trophic levels, with a potential risk for high trophic level predators (Borga et al., 2001; Fisk et al., 2001; Nfon and Cousins, 2006) . The dietary intake, especially the consumption of marine organisms, is considered as one of the most important exposure source of PCBs for human population (Johansen et al., 1996; Pompa et al., 2003) . The European hake (Merluccius Merluccius) is an important ecological and commercial species in the ecosystem of the Gulf of Lions (N.W. Mediterranean). With a large spatial distribution from the coast to the continental slope, this species plays a fundamental ecological role in this area. This is a major focus for stock assessment on account that hake is the main commercial demersal species (Oliver and Massuti, 1995; Aldebert and Recasens, 1996) with catches principally taken on juveniles. Its bathymetric distribution, between 30 and 600 meters depth, depending on its length (Campillo et al., 1991) . Hake goes up to the water column to eat, and its food is mainly made up of crustaceans and pelagic fishes depending on hake size (Bozzano et al., 1997; Cartes et al., 2004 , Ferraton et al., 2007 . In the Gulf of Lions, the spawning season runs throughout the year, peaking in autumn-early winter . Although growth has been studied over a number of decades, age determination from recently tagged otolith readings in Atlantic (De Pontual et al., 2003; and from otolith microstructure readings in the Mediterranean Sea (Arneri and Morales-Nin, 2000; Morales-Nin and Moranta, 2004; Belcari et al., 2006) have called into question the previous results. Due to a high trophic level, hake is potentially exposed to the bioaccumulation of organic compounds, especially in the Gulf of Lions. After, Bodiguel et al. (2008) , the high levels of persistent halogenated compounds in Mediterranean hakes might be related to the Rhône River loads coming from urbanised and industrialised watershed in southern France. In fact, this river is polluted by extensive anthropogenic activities and is particularly exposed to PCBs (Babut and Miège, 2007) . The bioaccumulation of organochorine compounds is however a complex phenomenon ruled by both physico-chemical properties of compounds and ecological and biological factors such as feeding behaviors, habitat, age, sex or state of health of the animals (Paterson, 2003; Bodin et al., 2007a; Di Bella et al., 2006) . Nevertheless few studies describing organ-specific bioaccumulation (Fillmann et al., 2007) , and especially in relation to the reproduction process. The aim of this study was to understand the influence of sex, maturation degree and reproduction on PCB and pp'DDE concentrations and distributions in muscle, liver and gonads of hake from the Gulf of Lions.
Material and methods

Sampling
The study area is the Gulf of Lions, situated in the North Western Mediterranean Sea ( fig. 1 ). This large continental shelf is exposed to important contaminant discharges from the Rhone River. The Rhone watershed represents about 130 000 km 2 and a quarter of France's population. Moreover, 20% of French industrial activities are located in this catchment area, as well as some other agricultural and tourist activities (Anon., 2000) . As hake cannot be considered as a sedentary fish since it reaches increasingly deeper waters as it gets older, fish samples were caught on the continental shelf (between 30 and 120 meters depth) during three bottom-trawl cruises (May 2004 (May -2005 October 2004 ) and at the edge of canyons (>150 meters depth) during gillnets cruise in October 2006. Moreover, a complementary sampling was carried out in 2006 by IFREMER at the Sète Auction market. A total of 104 hakes or hake pools, from 6 to 70 cm total length (TL), were collected for organic contaminant analysis.
Sample preparation
Preliminary sample pre-treatment steps were performed as soon as possible on receipt of the fish. Specimens larger than 25 cm TL were primarily pre-treated on board whereas the smallest individuals were processed in the laboratory. Pre-treatment included total body weight, fish gutted weight, total length, macroscopic sex determination and dissection of tissues to cut off organs (muscle, liver and gonads). Only specimens  25 cm TL were sexually identifiable. Muscle, liver, as well as gonads were weighed and stored in precleaned glass jars at -20°C. In the laboratory, all sampled tissues were freeze dried, and grounded to obtain a fine homogeneous powder. Their water content was estimated from the weight lost during freeze drying. Finally, to obtain sufficient quantity of tissue powder to carry out contaminant analysis, each tissue, livers and muscles, of the smallest individuals (<25 cm TL) were pooled at each season per centimetric class.
Chemical analysis
PCB and pp'DDE analysis were carried according to the protocol described by Bodin et al. (2007b) . Concisely, sample was extracted in a hot Soxhlet extraction apparatus (Soxtec) during 1.5 h with a hexane:acetone mixture (80:20). The amount of extracted fat was determined by gravimetric method. Then, two successive clean-up were performed on the extractible material. First, lipids and co-extractible material were destroyed by addition of concentrated sulphuric acid. Secondly, the cleaned extract was purified by adsorption chromatography on a Florisil column (Florisil, 60-100 mesh size, activated for 1.5 h at 500°C, deactivated with 3% of demineralised water) eluted with pentane. Finally, PCB congeners and pp'DDE were analysed by gas chromatography with electron capture detector, on a HP 5890 series II equipped with a CP-Sil19 capillary column (60 m length, internal diameter 0.25 mm, and 0.15 µm phase film thickness) following optimized conditions described by JaouenMadoulet (2000) . Seven indicator PCB congeners were measured (CB28, 52, 101, 118, 138, 153, 180) . However, the CB28 was always below the detection limit of 0.3 pg.µL -1 and was consequently not taken into account in the data analysis. A few other congeners were also analysed to describe a larger range of chlorination, from 5 to 8 chlorine molecules (CB105, 110, 128, 132, 149, 156, 170, 187, 194) . They permit to check the appropriate resolution of the gas chromatography system, and could highlight underlying mechanisms acting on the distribution of organic contaminants in biota like bioaccumulation or biotransformation.
Quality control criteria
The calibration system was performed within a rather wide range using a six-point calibration curve to define the linearity range of our detector (ECD) for all contaminants. The relative precision of the method was checked for this type of sample by analysing five aliquots of a homogeneous tissue preparation of hake muscle. The results showed standard deviations of less than 10% for all congeners, which points to the good reproducibility of the method. During the analysis of the real samples, analytical blanks were systematically measured every ten samples. The blank concentrations were always below those the concentrations of the lowest standards of all congeners. Finally, 10 replicates of a reference material, BCR-CRM349 (Cod Liver Oil) were analysed in order to determine the accuracy of the method. PCB recoveries varied between 74 and 125%, except for CB 105 which may interfere with a co-eluting compound. For p,p' DDE, recovery was 120 %. The concentrations of the real samples were not corrected as regards recoveries. Moreover, the RSD values ranged from 4 to 19 %, with a mean value of 10% for all PCBs. In the case of p,p'DDE, the RSD was 9 %. The results were in agreement with certified reference values and published data (Schantz, 1993) . The protocol was validated by undertaking regular intercomparison exercises (QUASIMEME) in the laboratory.
Data analysis and statistical treatment
Hake growth in different areas is currently reconsidered (Garcia-Rodriguez and Esteban, 2002; De Pontual et al., 2006; Mellon-Duval et al., 2009 ). Consequently, hake age was calculate using recent data obtain in 2006 and 2007 by tagging experiments in the Gulf of Lions by Mellon-Duval et al. (2009) . From these two years recaptured data (n= 200), they calculate a first estimate of a new Von Bertalanffy parameter k, considering L∞ unchanged from previous estimate (Aldebert and Recasens, 1996) as follow: Female: L∞ = 100.7, k= -0.236; male: L∞ = 72.8, k= -0.239. The gonado-somatic index (GSI) commonly used to characterize the maturity phase of gonads of the hake was determined by the ratio between gonad weight and fish gutted weight. A Principal Component Analysis was performed to facilitate the interpretation of the large set of data obtained throughout this study. Morphometric data were normally distributed, and PCB data followed a normal distribution after log-transformation, according to the ShapiroWilk test (p< 0.05). Then data on body weight, length, and PCB and pp'DDE concentrations expressed in dry weight (dw) were subjected to correlation analysis using Pearson's coefficient. Additionally, the influence of size, sex, on PCB levels and fingerprints in hake were studying using Student tests. Statistical analyses were performed using Statistica Software 6.0. To estimate the relative part of PCB contamination in various organs, measured concentrations were expressed in quantity by organ. Total wet weight concentrations in whole individuals were defined using the following equation: 
Results and discussion
PCB concentrations and congener-pattern
All 15 PCB congeners and pp'DDE were quantified in more than 95% of the analysed samples. Concentrations and lipid contents (mean and range) of all determined congeners in muscle, liver and gonads of the European hake from the Gulf of Lions are reported in table 1. The dry weight concentrations of 2,2',4,4',5,5'PCB congener (CB153) ranged within the following intervals: muscle, 10 -200 ng g -1 dw; liver, 100 -2500 ng.g -1 dw; gonads, 5 -450 ng.g -1 dw. For all congeners and pp'DDE, the highest levels were recorded in livers, followed by muscle, then gonads, except for some females, where gonads were more contaminated then muscle. In particular, livers were about 5.4 to 37 times more contaminated than muscles and about 4.6 to 71 times more contaminated than gonads. To our knowledge, no data is available on the contamination of hake from the Gulf of Lions through PCBs. At the scale of NW Mediterranean, our values were lower than those reported by Naso et al. (2005) for hake from the Gulf of Naples (Thyrrenian Sea). Mean CB153 concentration in hake muscle from this area (1527 ng.g -1 lipid) was approximately two times higher than our measurement in the Gulf of Lions (797 ng.g -1 lipid). The values were however 2 to 5 times higher than those reported for hake from Bay and Biscay (Bodiguel et al., 2008) . When comparing to other fish species, the levels were comparable to concentrations observed in the deep sea fish Mora moro from the Gulf of Lions (Solé et al., 2001 ), but lower than those recorded in different top predators from the Mediterranean Sea, like tuna and swordfish (Stefanelli et al., 2002 (Stefanelli et al., , 2004 , shark (Storelli and Marcotrigiano, 2001 ) or Risso's dolphin (Storelli and Marcotrigiano, 2000) . Furthermore, in the Mediterranean hake, the PCB fingerprints were characterized by the importance of the hexachlorobiphenyls, notably CB138 and CB153 which represent by far the major compounds of all samples, followed by heptachloro-biphenyls (CB180 and CB170). These recalcitrant congeners are also predominant in most biota (Boon et al., 1989) , including marine organisms from the Mediterranean Sea, such as monkfish (Storelli et al., 2004) tuna (Stefanelli et al., 2002) or swordfish (Stefanelli et al., 2004) . Due to their high octanol-water coefficients (log Kow > 6.5; Hawker and Connell, 1988) , they are accumulated by marine organisms and are not metabolised, because of chlorine substitution positions (Bright et al., 1995; Kannan et al., 1995) . In addition, no significant differences in congener distribution among sex and tissues were observed in hake. Some authors reported also no differences of PCB profiles between fish tissues, like Monosson et al. (2003) , between liver muscle and gonads in resident Mummichog from the Hudson River Estuary and Newark Bay (USA), or Bright et al. (1995) , between liver and whole tissue in four-horn sculpin from Cambridge Bay and Queen Maud Gulf (Canada). Other studies suggested however a difference in PCB distribution between liver and other fish tissues. For example, Garcia et al. (2000) described that among tissues of the benthic Lepidorhombus boscii and the demersal Phycis blennoides from western Mediterranean, livers of both species were depleted in lower PCB congeners, and particularly in those containing meta and para vicinal H-atoms. They conclude to a metabolic activity of these species for these congeners. In our study, the similarity of PCB profiles between tissues, PCB isomers with m,p-free positions included (PCB 52, 101, 110 and 149), is not sufficient to conclude that no PCB metabolism occurred in hake. Indeed, Solé et al. (2001) observed for example similar PCB profiles between liver and muscle of the deep-sea fish Mora moro from the Gulf of Lions (France), but showed a PCB metabolisation (isomers with m,p-free positions ) by this species, by comparison with profiles observed in their preys.
Interrelations between samples
Concentrations of 15 PCB congeners and p,p'DDE were measured in different organs (muscle, liver and gonads when possible) of 104 hakes. Those 48 parameters were determined in hake samples varying with biological characteristics, corresponding to various size, gender, sexual maturity or lipid fraction, leading to a very large data base. PCA (Principal Component Analysis) was performed on these data (104 x 48) in order to look for interrelations between samples and to compare their contaminant fingerprints, to give a more integrated picture of the contamination in hake from the Gulf of Lions. Chemical analyses contributing to less than 5% of the variance were excluded. The results of PCA are presented in a first plan, named loading-plot, which is defined by the first and the third principal component axis that together retain 55.6% of the variability ( fig. 2) . Three large groups of variables appeared almost orthogonally. PCB congeners and pp'DDE in liver and muscle were represented on the right side, and PCB congeners in gonads on the left side. In each group, all vectors which represent PCB congeners pointed towards the same direction, indicating that all congeners varied approximately all together in each organ. PCB and pp'DDE levels in muscle seems correlated with hake size, whereas liver contamination is correlated with total lipid content, and gonads contamination with sex. These results highlight that the influence of the biological parameters like age (represented here by the size), sex and also lipid content on PCB levels, is not necessary the same function of the considered organ.
Contamination variation with size, age and sex.
One of the main result of the PCA was the influence of size on PCB and pp'DDE levels in hake muscle. As all PCB congeners and the pp'DDE are correlated, only one congener was used to illustrate the influence of biological parameters on PCB contamination. The CB153 was chosen for its systematic prevalence in all analysed samples. Significant positive relationship between body size and CB153 concentrations in the hake muscle was observed (r = 0.30, p< 0.01), both sexes included. This relationship was also significant for liver and gonads (r = 0.43, p< 0.01 and r = 0.48, p< 0.01 respectively). As described by several authors for other fish species (Mackay and Fraser, 2000) , this concentration increase with size is due to the bioaccumulation property of PCBs, to their relatively resistance to biotransformation and to their slow depuration rates by organisms. As regards of CB153 concentrations in muscle and liver, a significant difference was found between of males and females. When comparing total concentrations of CB153 related to hake size ( fig. 3a) and to hake age ( fig. 3b) , the significant contamination variation observed at equivalent size between males and females is not observable at equivalent age until hakes reach 2.5 years. This result can partially be attributed to a difference in growth rate between the two sexes. Females are described as having a faster growth rate than males (Aldebert and Recasens, 1996; . At the same length, males are therefore older than females and have bioaccumulated more PCBs than females. This observation suggest that age is a more important factor than body size in the PCB accumulation process Vives et al., 2005 ) . When considering age, a significant relationship was only observed with total concentrations of CB153 in males. For females an increase of CB153 concentrations was comparable to males until 2-2.5 years (38-42 cm TL), and a decrease then occurred ( fig. 3) . As described by Loizeau et al. (2001) in sea bass, a depuration of PCBs can occur during spawning of female hakes, and can give a complementary explanation of the contamination variation according to sex.
Influence of maturity
As regards of the gonado-somatic index (GSI) commonly used to characterize the maturity phase of gonads of fish, the transition between the immature and mature stages occurred from 38 cm TL, with an increase gonadic index from less than 0.5% to more than 9% ( fig.  4a ). This result is in accordance with the study of Recasens et al. (1998) , who describe the first maturity of 50% of females at 38 cm TL in the gulf of Lions. This transition was not observed in males. The increase of female GSI was coupled with an increase of PCB concentrations in gonads. Figure 4b shows that CB153 concentrations in female gonads jumped from less than 50 ng.g -1 d.w. to more than 450 ng.g -1 d.w., while CB153 concentrations in male gonads did not exceed 60 ng.g -1 d.w. The evolution of PCB concentrations in gonads was then similar and positively correlated to GSI in females (r = 0.65, p< 0.01). It appears that the mobilisation of PCBs toward gonads takes place during female maturation but not during that of the males. As a consequence, contaminants accumulated in the female gonads will be expelled during spawning, thus resulting in a relative depuration in females. Therefore, contamination differences between sexes were amplified due to contaminant depuration among females. The reproductive process has been also reported to decrease the body burden of persistent contaminants in various animals. The elimination of pollutants through spawning also occurs in other fish species (Swackhamer et al., 1988; Loizeau et al., 2001) , mollusks (Hummel et al., 1989) , and crustaceans (Mcmanus et al., 1983 ; Bodin et al., 2007a) . Previous observations on fish related to size also show higher PCB accumulations in males than in females (Olsson et al., 2000; Vives et al., 2005) . Finally, the phenomenon of PCB bioaccumulation in males but not in females because of contaminant elimination during the reproductive process is also observed in aquatic mammals (Nakata et al., 1995) .
Influence of lipid contents
It is generally accepted that PCBs enter in marine organisms with lipids of ingested food (Hites et al., 2004) and their distribution in organs and tissues are strongly influenced by their lipid contents (Henshel and Sparks, 2006 ; Antunes et al., 2007) . In this study, lipid contents were determined in muscle, liver and gonads of females and males. They varied within broader intervals in gonads (7-30 %) and liver (20-88 %) than in muscle (1-13 %) (table 1). In order to examine the influence of lipids on PCB concentrations, CB153 concentrations in each analysed tissue were plotted against its lipid content ( fig. 5 ). In gonads ( fig. 5a ), lipid contents were correlated with CB153 concentrations in females (r = 0.54, p< 0.01), and a significant positive relationship between GSI and lipid content was also observed (r = 0.86, p< 0.01). Lipid contents and CB153 concentrations in male gonads were however always low. This result suggest that PCBs are mobilized into gonads linked to lipids during egg synthesis. In muscle ( fig. 5b) , the CB153 concentration in females varied linearly with lipids (r = 0.37, p< 0.01). This relation was however no significant in the case of male (r = 0.32, p> 0.05). In liver (fig 5c) , CB153 concentrations were not correlated with lipids, either in males and females, and both lipid contents and CB153 concentrations were highly variables. This result is in accordance to previous study on PCB in sardine from the Portuguese (Antunes et al., 2007) . With a high lipid content, liver appears as the main storage organ in hake, as lipids constitute the main energy reserves in fish (Médale et al., 2003) . Liver can then be considered as an energy buffer with a lipid content varying function of intake and expenditure energy. This feature can be at the origin of the poor correlation observed between lipid contents and PCB levels in hake because potential elimination of PCBs may not occur at the same time that lipids consumed.
Repartition and contamination levels function of maturity
Various stages of developments were defined to apprehend the relative distribution of PCBs in the different hake organs. Recasens et al., (1998) describe the first maturity length of 50% of individuals at 28.8 cm TL for males and 38.0 cm TL for females. This size can attain 50 cm TL for females. According to these results, six stages were considered: 1-The immature and undetermined sex hakes (TL < 25 cm; n = 5) for which gonads are not taken into account; 2-The immature females (25 < TL < 35 cm; n = 5); 3-The mature males (TL> 28 cm; n =6); 4-The females in their 1st maturity (n = 5); 5-The mature females > 50 cm TL with GSI >5% (n = 3); 6-The mature females > 50 cm TL with GSI < 1% (n=3). Organ contribution to the total PCB body burden and total PCB concentration are presented in figure 6 in each stage, with the example of CB153. Results presented below for the CB153 are applicable to the other PCB congeners studied and pp'DDE. CB153 concentration in whole fish illustrates the bioaccumulation phenomena for hake males and confirms the partial decontamination of females after the first spawning. For all maturity stages, liver was the major contributor to the total PCB body burden (50.6 -80.5 %). However PCB distribution in tissues was different according to the considered maturity stages. Undetermined sex hakes and mature males presented the lowest PCB proportions in liver (61 ±12 and 53% ±7.7 respectively) and the highest in muscle (39 ±6.1 and 46% ±8.5) respectively). In females, PCB proportions in liver appeared relatively stable, around 75% (±3.03) of the total body burden, whatever the maturity stage. As expected, the PCB proportion in female gonads was higher in mature specimens than in immature ones. The PCB proportion in muscle appeared variable and complemented to gonads. This relation suggests that the main PCB quantity mobilized toward gonads during female maturation (oogenesis) is mobilized from muscle. Although the main organ of energy and PCB storage is the liver, muscle is therefore the main contributor to the gonad contamination. As suggested by Antunes et al. (2007) for sardines, this observation do not exclude a potential PCB transfer from liver to gonads, because an eventual PCB depuration of the liver could be compensate by compounds arriving via food. Nevertheless, this trend corroborate and could be an explanation to observations of other authors in other fish. Elskus et al. (1994) indicate that the reproductive status does not strongly or consistently influence PCB content in winter flounder liver, and suggest that the redistribution of PCB from liver to gonad might not substantially influence liver PCB content. Sole et al. (2001) observed a decrease of PCB concentrations in muscle of the deep-sea fish Mora moro with size, coupled with an increase of liver concentrations, but without consistency explanation. Finally, additional studies would be desirable to explain more in depth the transfer mechanism of PCB stored in the different organs to gonads.
Conclusion
This study presents variations of PCB and pp'DDE contamination in muscle, liver and gonad of male and female hake from the Gulf of Lions. Observed levels appeared higher than the population of the Bay of Biscay and lower than the population of the Thyrrenian Sea. Contaminant fingerprints were roughly constant whatever the studied tissue and the hake biological condition. Results highlight the influence sex, maturation degree and reproduction on levels and kinetic of PCBs and pp'DDE. Higher levels observed in males compared than females can be linked to a lower growth rate of males, and a contaminant elimination during female spawning. Spawning represents an important mechanism for the elimination of contaminants. Although the main organ of energy and PCB storage is the liver, muscle is the main contributor to the gonad contamination. Finally, the results show the necessity to taken into account the processes of maturity and reproduction cycle when modeling the bioaccumulation of persistent hydrophobic contaminants in fish, and especially the role of muscle in the gonad contamination. Tables   Table 1: PCB and pp'DDE concentrations (ng.g -1 dw), lipid and water content (%) in hake tissues.
